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Limb development: Farewell to arms
Anthony Graham and Imelda McGonnell
Forelimbs and hindlimbs are, clearly, quite different,
and it has long been appreciated that their differences
are assigned early in development; the genetic basis of
these differences has been more mysterious, however.
Recent work has now shown that the homeobox gene
Pitx1 imparts identity to the developing hindlimb bud.
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Limbs have long been used as model systems for
unravelling the fundamental concerns of developmental
biology and, relatively speaking, we know a lot about how
these structures develop. Yet, while we know much about
how limbs per se develop, we know very little about how
limb identity is assigned — what makes a forelimb distinct
from a hindlimb? This is clearly an important question,
and one that is now being answered through recent studies
on the homeobox gene Pitx1 which demonstrate that this
gene plays a critical role in specifying hindlimb identity. 
Both the forelimb and the hindlimb develop from buds
that emerge in the lateral region of the trunk. The buds
subsequently grow out from the body and, as they do so,
the various components of the limbs are laid down in
succession. The proximal long bones of the upper limbs
are laid down first, while the phalanges of the digits
appear last. Furthermore, we now also have a fairly
detailed picture of the molecular basis of limb develop-
ment. For example, it is apparent that the initiation of
limb bud outgrowth involves members of the fibroblast
growth factor (FGF) family of signalling molecules, while
anterior–posterior patterning within the limb involves the
signalling molecule Sonic hedgehog. 
Morphologically, the differences between the forelimb and
hindlimb are very clear (see Figure 1). Many of the bones
of the hindlimb are longer and heavier than their forelimb
counterparts. The articulations and types of joint also
differ, and one of the most striking differences between
the forelimb and the hindlimb lies in the fact that, while
the hand flexes posteriorly at the wrist, the foot extends
directly from the ankle. There are also elements that are
unique to each limb, such as the patella and calcaneous
(heel bone) of the hindlimb, and the pisiform element in
the forelimb. Besides these skeletal differences, the
muscle and tendon patterns in each limb are also distinct,
and in avians there are ectodermal differences, in that the
forelimb forms feathers whereas the distal hindlimb is
covered with scales. 
The genetic basis of the differences between the forelimb
and hindlimb has been less clear, however. For a gene to
control the hindlimb-specific or forelimb-specific pattern,
it must not only be expressed in one limb type, but it must
also be expressed from early stages throughout the limb
field. Some genes, such as HoxC10 and HoxC11, are
expressed differentially in limbs, but at late stages and in
restricted patterns [1] (Figure 1). More recently, genes
that may be involved in expressing limb identity have
been described. The first such genes to be identified,
Tbx4 and Tbx5, encode members of the T-box family of
transcription factors; later work identified Pitx1 (or Ptx1),
which encodes a bicoid-like transcription factor [2–6]
(Figure 1). Tbx5 is expressed in the forelimb bud, whereas
Tbx4 and Pitx1 are expressed in the early hindlimb;
importantly, embryonic manipulations in avian embryos
have also demonstrated a tight correlation between the
expression of these genes and limb identity.
Classical experiments have shown that limb identity is
specified early in development, and that this is indepen-
dent of the limb ectoderm. Thus, when hindlimb 
mesenchyme is grafted into the forelimb it still develops
as hindlimb. Consistent with the view that Tbx4, Tbx5 and
Pitx1 play a role in the elucidation of limb identity, it has
been shown that when forelimb mesenchyme is grafted
into the hindlimb it maintains Tbx5 expression, and that
when hindlimb mesenchyme is grafted into the forelimb
the expression of both Tbx4 and Pitx1 persists [2–5]. Of
these genes, Pitx1 seems to be particularly important, as it
is expressed in the hindlimb primordium before Tbx4 is
expressed [5]. Moreover, three recent papers have
provided strong genetic evidence that Pitx1 plays a role in
the elaboration of hindlimb identity [7–9].
Two groups have analysed the function of Pitx1 by using
retroviral vectors to express the gene in the developing
forelimb bud [8,9], and in both cases the consequence of
this misexpression was startling. The infected forelimbs
no longer displayed the expected posterior flexure of the
‘autopod’ (hand and digits) at the wrist with respect to the
‘zeugopod’ (lower arm). Rather, in these limbs the
autopod remained in the same anteroposterior plane with
respect to the zeugopod, a situation that one normally
associates with the hindlimb. 
Expression of Pitx1 in the developing forelimb also had
consequences for the skeletal elements. In the normal
avian wing there are three digits, II, III and IV, along the
anteroposterior axis. Of these, digit III is the longest,
whereas digit II is characteristically short. In the leg, by
contrast, there are four digits, but leg digits II, III and IV
are of similar size, whereas the anterior-most digit I is
much smaller. Interestingly, in Pitx1-expressing forelimbs,
digits II, III and IV are of similar length, and in some cases
infected wings also produced an ectopic small anterior
digit, similar to digit I of the leg [8,9].
Another indication that Pitx1 can promote a hindlimb
developmental programme has come from the analysis of
the muscles and tendon patterns in the Pitx1-expressing
limbs. The leg has a different number of muscles from the
wing, both dorsally and ventrally, and each has
characteristic shape and points of origin and insertion.
Pitx1-expressing wings were found to have muscle and
tendon patterns characteristic of a leg, particularly in
dorsal regions [8]. Indeed, this may in part explain the
changed flexure and orientation of the wing autopod men-
tioned above. It should, however, also be noted that Pitx1
overexpression in the forelimb did not cause a complete
transformation to a hindlimb phenotype. Although the
shape of the phalanges of the infected forelimb resembled
those of a hindlimb, the number of phalanges was what
one would expect of forelimb.
Complementing these avian studies, two groups have also
looked at the effects of inactivating the Pitx1 gene in knock-
out mice [7,9]. The result of these studies also indicate that
Pitx1 has an important role in imparting hindlimb identity.
In the Pitx1 mutant mice, the pelvic girdle is smaller and the
long bones — femur, tibia and fibula — significantly
shorter. The femur and the tibia, in particular, also
become narrower, and in these mutants the tibia and
fibula become similarly sized, resembling the relationship
between the radius and ulna of the forelimb. The reduced
diameter of these bones is due to impaired ossification and
calcification, and there is no articular cartilage proximally.
These animals also display alterations in the joints of the
hindlimb. The femur, which normally articulates only
with the tibia, now also articulates with the fibula, a situa-
tion similar to that seen in the articulation between
humerus, radius and ulna at the elbow. 
The Pitx1 mutant mice also display alterations in limb-
specific elements. The calcaneous — the hindlimb-spe-
cific heelbone — is much reduced and altered in shape.
The patella — another hindlimb-specific element — is
missing, as are the zucker nodes. Szeto et al. [9] also found
an ectopic element on the proximal tarsus resembling a
pisiform-like element, which is normally a forelimb-
specific condensation. Another point of note was that most
of the structures affected were dorsally derived, suggest-
ing that Pitx1 is more concerned with patterning this
region of the limb bud. Furthermore, as with the avian
studies, analysis of the digits in the Pitx1 mutant mice also
revealed that there was not a complete transformation of
hindlimb to forelimb.
Importantly, these studies on the function of Pitx1 have
given us some insight into the genetic pathway control-
ling hindlimb identity. In the chick experiments, it was
found that overexpression of Pitx1 in the forelimb
resulted in the stimulation of Tbx4 expression [8,9],
which is normally only expressed in the hindlimb at
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Figure 1
Schematic representation of the developing
limb buds, indicating expression of limb-
specific genes (left) and the skeletal elements
of the forelimb and hindlimb (right).
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these stages. Pitx1 expression in the forelimb also
resulted in the expression of other hindlimb-specific
genes, such as HoxC10 and HoxC11 [8]. Driving expres-
sion of Pitx1 in the forelimb did not, however, suppress
the forelimb-specific gene Tbx5 [8,9]. This is an impor-
tant result suggesting, firstly that Tbx5 is under indepen-
dent control, and secondly that the incomplete
forelimb-to-hindlimb transformation may be due to per-
sistent Tbx5 expression in the infected limb. Supporting
these results, the Pitx1 mutant mice were found to show a
severe reduction, but not complete absence, of Tbx4
expression in the hindlimb [7,8]. Again, this demon-
strates a link between Pitx1 and Tbx4 expression, and also
provides an explanation for the partial transformation
observed in these animals. 
The new results discussed here are important because, for
the first time, they have uncovered the genetic basis of
how identity is imparted to a developing limb. Pitx1 acts
to promote a hindlimb programme of development and, in
part, does so by promoting Tbx4 expression. Clearly, the
expression of Pitx1 itself must be controlled by earlier,
more globally acting genes, and the prime candidates for
fulfilling such a role are the Hox genes. Previous work has
shown that genes of the Hox9 group are expressed in the
lateral plate mesoderm before and during limb outgrowth,
and importantly that specific complements of these genes
pick out forelimb, flank and hindlimb territories [10].
Consequently, it will be of great interest to determine
how the link between the axial patterning role of the Hox
genes feeds in to Pitx1 expression, and thus to the specifi-
cation of limb identity. 
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